Background
Considerable effort has been expended on tobacco control strategies in the United States since the mid-1950s. However, we have little quantitative information on how changes in smoking behaviors have impacted lung cancer mortality. We quantified the cumulative impact of changes in smoking behaviors that started in the mid1950s on lung cancer mortality in the United States over the period 1975-2000.
Methods
A consortium of six groups of investigators used common inputs consisting of simulated cohort-wise smoking histories for the birth cohorts of 1890 through 1970 and independent models to estimate the number of US lung cancer deaths averted during 1975-2000 as a result of changes in smoking behavior that began in the mid-1950s. We also estimated the number of deaths that could have been averted had tobacco control been completely effective in eliminating smoking after the Surgeon General's first report on Smoking and Health in 1964. Although the models shared common inputs, each group developed its own model, based on mathematical descriptions of lung carcinogenesis as it relates to smoking behaviors. The models explicitly consider factors associated with the risk of smoking, including the number of cigarettes smoked per day, the age of initiation, and the number of years quit.
Results

Approximately
All models shared the same overall structure ( Figure 1 ). The central component of each model was a dose-response module that provided a quantitative description of the age-specific lung cancer mortality among never smokers and age-specific lung cancer mortality among continuing smokers and former smokers by detailed history of smoking. This module was used to predict age-specific lung cancer mortality rates associated with three specific smoking scenarios. With the exception of the MGH-HMS group, which used a set of logistic regression models and tumor progression functions (6,7), the other groups used multistage models (8-11) for the underlying dose-response module. Multistage models, based on mathematical formalisms representing the biological paradigm of initiation, promotion, and progression, recognize that carcinogenesis includes accumulation of mutations and clonal expansion of partially altered cells on the pathway to malignancy (8, (12) (13) (14) (15) (16) (17) . These models may be used to explore biological hypotheses regarding the mechanism of tobacco-induced lung cancer. They have generally shown clonal expansion (promotion) of partially altered (initiated) cells by cigarette smoke to be the dominant mechanism and have confirmed the disproportionate importance of smoking duration on lung cancer risk (10, 11, (18) (19) (20) (21) . Both the multistage models and the probabilistic model of MGH-HMS are capable of accommodating detailed individual-level smoking histories, including temporal factors, such as age at start, age at cessation, and temporal changes in the level of smoking. The parameters of these models were estimated as described in the supplementary material (available online) by fitting the model to specific epidemiological cohort data (Erasmus MC, FHCRC, PIRE, Yale), case-control data (Rice-MDA), or registry data (MGH-HMS). The Erasmus, FHCRC, and Yale model parameter estimates were obtained by fits of the Two-Stage Clonal Expansion (TSCE) model to the Nurses Health Study (NHS) and Health Professionals Follow-up Study (HPFS) cohort data (11) . The model parameters for the PIRE model were derived by fitting the TSCE model to the Cancer Prevention Study II (CPS II) data (10) . The parameters for the Rice-MDA model were derived from fitting the TSCE model to data from a case-control study conducted to evaluate the interaction of smoking and genetics on lung cancer risk (21) . The parameters for the MGH-HMS model were estimated by fitting a nested set of logistic regression models for cancer development and spread along with a tumor growth function to lung cancer incidence in the Surveillance, Epidemiology, and End Results (SEER) registry during the period 1990-2000 (6,7).
Three specific smoking scenarios, the common inputs for the models, were simulated using a smoking history generator as briefly described below. Each involved a detailed description of smoking behaviors by sex and birth cohort starting with the birth cohort of 1890 and ending with the birth cohort of 1970. The actual tobacco control (ATC) scenario is a quantitative description of the actual smoking behaviors of men and women in the United States. The no tobacco control (NTC) scenario is a quantitative description of the predicted smoking behaviors of men and women in the United States under the assumption that tobacco control efforts starting mid-century had never been implemented. Initiation rates in the NTC scenario are from models fitted to survey data after age and cohort effects had stabilized. For men, these are cohorts born after 1904. The history for women is more complex because age effects stabilized after 1919 but cohort effects continued to increase; therefore, a linear cohort trend for 1930-1955 was used in the model for log rate, and the estimated parameter was held constant after 1955. For smoking cessation rates, we used data for individuals born in 1900-1904 because they would have had little knowledge of the health effects of smoking for most of their lives while at the same time being sufficiently well represented in surveys to provide accurate estimates of these rates. The complete tobacco control (CTC) scenario is a quantitative description of the predicted smoking behaviors of men and women in the United States under the assumption that all smoking ceased abruptly in 1965, that is, all
Prior knowledge
The proportion of smokers among the US population has gradually declined since the mid-1950s, as the dangers of tobacco use became apparent and tobacco control laws were enacted. However, there are few estimates of how many lung cancer deaths were spared by the decline in cigarette smoking.
Study design
Six groups of investigators built independent models based on cohort, case-control, or registry data and calibrated to mortality or other data to estimate the number of lung cancer deaths averted in 1975-2000. The data were stratified by sex and birth decade , and the prevalence of smoking and lung cancer deaths under three scenarios were considered: actual tobacco control (ATC), based on historical changes in smoking rates; no tobacco control (NTC), based on predicted smoking rates if tobacco control had not been enacted; and complete tobacco control (CTC), which considers what might have happened if all smoking ceased in 1965.
Contribution
In the United States in 1975-2000, there were 2 067 775 lung cancer deaths among men and 1 051 978 lung cancer deaths among women. The models predict that over 550 000 lung cancer deaths among men and over 240 000 lung cancer deaths among women were averted by tobacco control efforts. If all smokers had quit in response to the Surgeon General's first report in 1964, over 1.6 million lung cancer deaths might have been averted among men, and over 880 000 among women.
Implication
Tobacco control efforts do appear to have reduced smoking behavior and lung cancer deaths.
Limitations
There is some variation in the estimates among models, depending on data source and calibration. Data were not available for other exposures related to lung cancer incidence and non-cigarette forms of tobacco use were not considered. The relative contributions of decreased smoking initiation and increased smoking cessation were not addressed.
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during the period 1975-2000 for individuals born between 1890 and 1970. As an example, we show one output of the smoking history generator, the proportion of current smokers in the three smoking scenarios (Figure 2 ). For the ATC scenario, the initial increase in smoking prevalence for each cohort results primarily from initiation and the subsequent decline reflects both smoking cessation and increased mortality among smokers. Deaths from causes other than lung cancer were also simulated by the level of smoking; each individual history was terminated at 84 years or at the age of death from a cause other than lung cancer if the death occurred before 84 years. Details of the construction of the smoking history generator can be found on the CISNET website (http://cisnet.cancer.gov and supplementary material, available online). Using the outputs of the smoking history generator, each group estimated the number of lung cancer deaths during the period 1975-2000 while adjusting for other-cause mortality in each smoking scenario.
Results
The models yielded a range of results for the numbers of lung cancer deaths among the three smoking scenarios, but the estimates of the fraction of lung cancer deaths averted were reasonably consistent across models. For purposes of illustration, we chose one of the models calibrated against the US population data (the Yale model) as an exemplar model to present our results ( Figure 3) . Based on this model, we could estimate the actual age-adjusted rates and the actual number of lung cancer deaths among men and women aged We also examined the difference between the NTC and observed numbers to obtain an estimate of the numbers of lung cancer deaths averted in all models. Approximately 795 851 US lung cancer deaths were averted. The high estimate for men was 658 529, the low estimate was 454 517, and the average was 552 574 (Table 1) . For women, the high estimate was 333 976, the low estimate was 201 788, and the average was 243 277. When we looked at the difference between NTC and CTC, again, as an estimate of the total number of lung cancer deaths that could have been averted if tobacco control efforts had been immediately and completely successful, we estimated that approximately 2 504 042 lung cancer smokers quit permanently at that time and there was no initiation of smoking after 1964. Clearly, the CTC scenario represents the best imaginable outcome for smoking behavior. Our justification for using this scenario is that it is transparent and unambiguous. More details about the construction of these scenarios are on the Cancer Intervention and Surveillance Modeling Network (CISNET) web site (http://cisnet.cancer.gov last accessed Feb 19, 2012) and in a forthcoming group of articles (22) .
The models used in CISNET did not incorporate other known or suspected risk factors, such as environmental tobacco smoke, radon exposure, diet, and air pollution (23) (24) (25) , which could have influenced trends in lung cancer mortality in the United States. Moreover, the datasets from which the parameters of the individual dose-response modules were estimated may not be representative of the US population. For these reasons, the outputs of the models under the ATC scenario cannot be expected to reproduce the observed lung cancer rates in the US population. Rather, without further calibration, these models estimate lung cancer rates in hypothetical populations with the same smoking behaviors and the same age structure as the US population in 1975-2000. To compensate for these limitations, some groups (FHCRC, MGH-HMS, Yale, PIRE) chose to calibrate their models further to describe actual deaths in the US population under the ATC scenario during the period 1975-2000. In the models of the FHCRC, MGH-HMS, and Yale groups, this calibration was achieved by embedding the dose-response module in an age-period-cohort model. The exception was the PIRE model, which used only a period calibration. Other groups (Erasmus MC, Rice-MDA) chose not to perform this additional calibration. The overall model structure and the specific models used by each group are described in greater detail in the supplementary materials (available online).
For each smoking scenario (ATC, NTC, CTC), the smoking history generator provided, as its output, detailed smoking histories Figure 1 . Process shared by all models. Population and smoking inputs were used to develop the smoking history generator, which, in turn, simulates detailed individual-level smoking and other-cause mortality histories. These individual histories were used by each of the modeling groups to estimate lung cancer mortality rates in the population.
deaths could have been averted in men and women combined. This estimate represents the average of the estimates for the models shown in Table 1 The other models calibrated to US mortality yielded similar estimates of the number of lung cancer deaths among the three scenarios (data not shown). Counts of the differences in the number of deaths between scenarios are shown for all models in Table 1 and in Supplementary Figure 1 (available online) . The ratio of deaths averted to total deaths that could potentially have been avoided (ie, A/B) is also presented in Table 1 . The models estimate that of all avoidable deaths from smoking-related lung cancer, between 24% and 32% among women and between 30% and 37% among men were actually averted as a result of the changes in smoking behaviors that actually began in the mid-1950s some years before the first Surgeon General's Report. For both sexes combined, approximately 32% (28%-35% across models) of all avoidable deaths were averted. Table 1 also shows the impact of tobacco control efforts on lung cancer mortality for the decade 1991-2000 and for the year 2000. In the decade 1991-2000, the fraction of lung cancer deaths averted in men and women combined increased to about 38% (34%-43% across models). In the year 2000, this fraction increased to roughly 44% (39%-50% across models). The increasing trend in the fraction of lung cancer deaths averted reflects both changes in smoking behaviors and a continuing decrease in risk among former smokers.
Discussion
A consortium of six research groups used data from common sources to recreate detailed cigarette smoking histories under three Figure 2 . Percentage of current smokers in the US population by sex and birth cohort, assuming three different tobacco control scenarios. This is one of the outputs that can be generated from the smoking history generator. The output from the actual tobacco control scenario describes the observed data well (not shown).
distinct tobacco control scenarios as inputs for mathematical models to quantify the impact of changing smoking behavior on lung cancer mortality rates in the United States during 1975-2000. We used a comparative modeling approach to address this complex problem; comparative modeling produces a range of results across models but, when these are reasonably consistent, enhances their credibility. During the period 1975-2000, approximately 2 504 042 lung cancer deaths among men and women combined could have been averted had tobacco control efforts been completely effective in eliminating smoking as of 1965; of these, we estimate that approximately 795 851 lung cancer deaths were averted or about one-third of what was possible. During the period 1991-2000, we estimate that approximately 345 000 lung cancer deaths among US men and 175 000 deaths among US women were averted due to changes in smoking behaviors starting in the mid-1950s. These estimates of reduced lung cancer mortality associated with reduced tobacco use are much larger than an estimate from demographic projections that 146 000 lung cancer deaths among men were averted in 1991-2003 (5). We estimate that in the year 2000 alone, approximately 44 000 deaths were averted among US men and 26 000 deaths among US women.
It is not surprising that the various models used in this article yielded a range of estimates of the fraction of lung cancer deaths averted by the tobacco control efforts in the United States. This range of results represents the uncertainty associated with model choice. First, some of these models were calibrated against US mortality data, and, as a consequence, these models describe the lung cancer mortality trends in the United States very well under the ATC scenario. Second, although five of the six groups used the TSCE version of multistage models (8, 10, 11) as the dose-response module, the estimated parameters were different because they were estimated by their fit to different cohorts. In addition to the TSCE model, the Yale group also used the models developed by Knoke et al. (9) and Flanders et al. (26) and obtained similar estimates of the relative effect of tobacco control. It is well known that the risks of tobacco smoking have changed over time; moreover, they could be modified by other factors such as diet that are not accounted for in any of the models. Despite these limitations, the estimated numbers of deaths averted and deaths that could have been averted under the assumption of CTC were reasonably consistent across models ( Table 1 ). The main message of these analyses is clear. Tobacco control strategies implemented mid-century have averted hundreds of thousands of lung cancer deaths in the United States during the period 1975-2000, but these are only approximately 30% of the lung cancer deaths that could have been averted had all cigarette smoking ended in 1965.
The FHCRC, MGH-HMS, and Yale groups calibrated their models to US mortality during 1975-2000 using birth cohort and period effects. These calibrations are necessary to describe lung cancer mortality rates and trends in the United States and indicate that the lung cancer mortality experience of the entire population cannot be adequately described by extrapolating from the SEER registry in one decade, or from various cohort and case-control studies of smoking and lung cancer (please see the supplementary material, available online, for the datasets used by each of the groups for parameter estimation). Particularly among men, US lung cancer mortality is considerably higher than would be expected from the cohort studies against which the dose-response modules were calibrated. In addition, models from cohort studies and available population smoking histories cannot adequately describe temporal components of trend, that is, the effects of age, period, and birth cohort.
There could be several reasons why the models were poor at predicting population lung cancer rates without additional calibrations. First, the datasets used for estimating the parameters of the dose-response modules were almost certainly not representative of the US population. Second, the smoking history generator was based on smoking histories for birth cohorts in the general population that were inferred from simulations using cross-sectional histories that often relied on subjects' recall of events that occurred several years earlier. Third, potentially important covariates (eg, diet, air pollution, and radon exposure) and occupational exposures (including asbestos and ionizing radiation) were not available for the overall population, and different exposure distributions could contribute to rate discrepancies. Fourth, although the models discussed assume a consistent effect of exposure on lung cancer mortality, temporal changes in the manufacture of cigarettes and smoking behaviors could explain some of the discrepancies in trend, and data on changes in cigarette manufacturing and composition are not readily available. Changes in tobacco or cigarette composition, which were not explicitly addressed in these analyses, could be important contributors to population trends in lung cancer mortality. However, one would expect changes in tobacco or cigarette composition to manifest themselves as period effects, whereas models that used age-period-cohort calibrations find that trends are dominated by birth cohort effects. Finally, uncertainty remains with respect to the models themselves.
In particular, our estimates of the lung cancer rates in the US population under the CTC scenario appear to be higher than would have been expected on the basis of recent work on lung cancer rates among never smokers (27) . However, for the reasons given above (cohorts not representative of the general population, omission of important covariates), the never-smoker rates reported by Thun et al. (27) may not reflect the never-smoker rates in the general population. Some confidence in the lung cancer rates under the CTC scenario estimated from the models in this article can be derived from the fact that the dose-response modules describe lung cancer rates among former smokers well (9, 10, 11) .
One limitation of the calibrations is that the same period and cohort parameters are applied to current smokers, former smokers, and never smokers. Factors, such as diet, that could affect trends in lung cancer rates might be expected to have different effects among current smokers, former smokers, and never smokers. However, different cohort and period effects could not be estimated in these subgroups because of identifiability issues. The FHCRC group did fit period and cohort effects to never smokers alone and to current smokers and former smokers separately, but the original model in which these effects are applied equally to all groups described the data better as judged by the Akaike Information Criterion Statistics (28) .
Overall, our study shows that changes in smoking behaviors led to a substantial reduction in the lung cancer mortality that would have been expected had the smoking trends in the 1950s continued into the future. Our analysis was conducted through to the year 2000, the latest year for which we were able to obtain sufficiently detailed data when this project was initiated. Consistent with trends for continued gains due to past tobacco control policies, smoking prevalence continued to fall from 23.2% in 2000 to 20.6% in 2008. Much of this decrease can be attributed to tobacco control policies, especially the cigarette price increases in 1998-1999 (29) .
There are also other limitations to our study. We did not quantitatively assess the relative contributions made by changing patterns of smoking initiation and cessation to decreases in lung cancer mortality. It is clear, however, that most of the benefits of tobacco control policies during the period 1975-2000 have accrued from smoking cessation because changing patterns of smoking initiation would have impacted only individuals who were aged 55 or younger in 2000 and thus younger than the age at which lung cancer mortality begins to increase rapidly. Also, our numbers are likely to greatly underestimate the overall health impact of tobacco control efforts because they neither consider the substantial impact of non-cigarette forms of tobacco use (eg, cigars and pipes) nor the impact of tobacco smoking behaviors on diseases other than lung cancer. Smoking-associated diseases other than lung cancer, such as cardiovascular disease, were outside the scope of this work.
The results of this article show the dramatic impact of the reduction in smoking associated with tobacco control efforts in the second half of the 20th century on lung cancer mortality during the period 1975-2000. Even though other factors, including genetic polymorphisms (27) , contribute to lung cancer risk, the vast majority of lung cancer cases could be eliminated by eliminating smoking. Our results indicate that only approximately 30% of the total lung cancer deaths that could have been averted had tobacco control been complete were actually averted. This is because smoking rates took time to decline after the first Surgeon General's Report in 1965; smokers' risk of lung cancer remains elevated for many years after smoking cessation and a sizable fraction of the population continued to smoke.
Clearly, further reductions in smoking rates will be required to reduce lung cancer incidence and mortality rates substantially. The recently reported 20% reduction in lung cancer mortality (30) as a result of early detection using low-dose spiral CT suggests that screening of high-risk individuals may play a role in reducing mortality from this disease. Because risk of lung cancer remains elevated for a long time among smokers who quit, effective screening techniques may have a role in reducing lung cancer mortality among ex-smokers. However, continued implementation of evidencebased tobacco control policies, programs, and services remains the most promising approach to reducing the burden of lung cancer.
